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EXPERIMENTAL STUDY OF DIFFUSER CHANNELS WITH
PRESEPARATION STATE!OF THE TURBULENT
BOUNDARY LAYER
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L. A. Bychkova

ABSTRACT. Experimental study of pre- :
separation diffuser channels of circular |
cross section. The geometrical and aerody-
namic characteristics of the channels are
determined as functions of the degree of i
initial inhomogeneity of the flow on the
basis of a semiempirical method of calcu-
lating the turbulent boundary layer, start—
ing from the condition that the flow is at
the preseparation stage. The calculation
is performed with an &ccuracy equal to that
of the empirical constant figuring in the
determination of the mixing path length.  The :
velocity profiles are measured on models of i
diffusers of circular, cross lsection in a
number of cross sectlons, on the basis of
which the nominal areas of the boundary
layer are calculated.

Results are presented of an experimental study of the' l4“\/518*

aerodynamic characteristics of diffusers whose longitudinal
section variation provides the preseparation state of the
turbulent boundary layer. It is shown that the experimental

results agree with the calculations.

The selection of optimal diffuser longitudinal section ;

variation makes it possible to provide maximal flow deceleration
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Numbers in the margin 1ndlcate pagination in the original
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. losses in the diffuser decrease with increase of the expansion

" angle as long as flow separatiori does not take place at any sec-

' with onset of separation. <

" reducing the losses duirng flow'deceleratfon is to profile the

in a given length. Experimental studies of conical diffusers

show that in the separation-free flow region the total pressure .

tion [1]. Thus, the best pressure recovery is achieved in the

flow regime preceding separation and the losses increase markedly
‘ ‘ ,

i

!
!
It is natural to suppose that one possible “technique for ;
|

. diffuser walls so that the flowiw1ll be qulte close to separatlon

at every section of the channel (surface frlctlon Ty = 0). The

channel whose flow section variation is selected on the basis of 7

this condition will have optimal aerodydamic characteristics.
This idea was suggested by Loitsyanskiy in the 30's [2]. The
contour of the two-dimensional or circular-section diffuser with
a preseparation boundary layer, the so-called "preseparation"”
diffuser, has a bell-like shape. In the entrance portion of the
channel, when the boundary layer is relatively thin, the local
divergence angles may be large, then as the boundary layer
thickens the angles must decrease so as to maintain maximal
capability of the flow to overcome the local pressuré gradienf
without separation along the entire diffuser length.

b )

Preseparation turbulent flow past a plane wall was realized?

in [3, 4]; it was found that such flow is quite stable. It was 3
shown in [5, 6] that bell~like diffusers profiled on the basis 8

of conditions close to those coﬁresponding to the preseparation |
state of the boundary layer are :in many cases more efficient thad
diffusers with straight walls aﬁd separation-free flow. Here

the improvement may be in elther decrease of the losses for flxed
channel length- or shortening of :the axial dimensions for a given .

value of the efficiency. i
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‘An'approximate method for calculating the gedﬁétric and
aerodynamic characteristics of preseparation diffusers of plane

" and circular cross section was déscribed in [2]. The method is

S

' based on’ the well-known relationé for plane and axisymmetric
" separating turbulent boundary layers [7]. It is nautral that useE
~of the very simple approximate méthod for calculating the turbu-

; lent boundary layer leads to a sﬁtuation in which the final re-
. 1
|

sults obtalned are guite approxiﬁate. However, it is possible to:
~identify the basic nature of the relationships characteristic of
. diffusers with preseparation flqw. The use of more complex

A theories would hardly be Jjustifiled. This is due, first of all,

to the fact that such theories are very approximate even in the

— e CR—

' two-dimensional boundary layer dase, and theories have not yet
been devised for the axisymmetric turbulent preseparatioh layers

. which take complete account for .the influence of transverse

[
i

surface curvature.

In the theoretical study oé preseparation diffusers in [2]
the following assumptions were made: the flow is incompressible,
the pressure is constant acrosséthe channel, and the turbulent
boundary layer is of the preseparation type along the entire
length (Ty = 0). We shall writé out the formulas obtained in [2j
fof%determining the characterisﬁics of the initial flow segment :
(with the presence of a potential core) of circular cross- ?
section diffusers: '

expansion ratio
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- total pressure loss coefficjent
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Here k 1s the experimental constantlin the expression for the
mixing length, l ‘kﬁ _E (g4 ULls the eﬂllptlcal integral of the
. second kind with argument Vn auunl —]and modulus coeo-b/2/2‘
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The calculation method is dpproximate, since 1t is based on

very simple approximations for the distribution of the friction

and mixing length across the boqndary layer. The theoretical-__
computational analysis 1is simplﬂfied considerably by the assump- |
tion that the turbulent boundari.layér is of the preseparation i
type along the entire length of}the channel, including the i

entrance section. However, in reality, if separation is not ‘

induced at the entrance pre@eparatlon fTow can be.realized.only to\ /520

some distance from the entrance. In the latter case there will |
be a segment in which the flow w1ll be transformed from the !
separation-free type to the preseparatlon type. The presence of‘l
such a transitional segment may lead to dependence of the channel
aerodynamic charactefistics on the entrance Reynolds number. .
However, in the case of completﬁly preseparation flow the Rey- ﬂ
nolds number does not influencegthe boundary layer and therefore

11 does not affect the diffuser chéracteristics.
' !

It follpws from the formulés presented abovevthat~the~geo—<1T
metric and aerodynamic characteﬁistics of preseparation diffusers ,
3 ,




depend on the single parameter Ag, which expresses the influence

.

of the initial flow nonuniformity at the entrance. In fact, it
follows from the discharge equation that this parameter deter-
" mines uniquely the ratio of the 'mean and-maximal velocities at

- the entrance section B ‘
A® ] uo
Ap == 1 — =%,
lgo
. _
’ » I3 . ; * ! - ’
The relations obtained are valig for Ap > 0, and becomes meaning-

. * . . °
- less for Ag = 0, since in this case preseparation flow at the .
entrance is not possible. : :
} ;

0 ;

The calculation results sh%wed that with increase of the

- initial nonuniformity the diffuser expansion ratio decreases for

. a given length and the loss coefficient increases.
i
In order to construct the diffuser contour we need to know
the magnitude of the experimental constant k. This constant -

appears as a factor in the Valué of the longitudinal coordinate

€ m e e e e . e o ——— - e ——

£, which makes possible qualitaﬁive determination of the basic
relations governing the variation of the preseparation diffuser
characteristics even when the'vélue of the experimental constanti
is not known.. . % ;
| ,
The value of k was found téntatively from analysis of the
very limited amount of experimental data available concerning
both preseparation flows over a wall and in a channel, and was
then refined in the process of Qhe experiment. Change of the
value of k simply deforms the ldngitudinal coordinate uniformly.
Comparison of our calculated relatlonshlps with the correspondlné
data of Stratford [3] and Nestler [8] yielded the value k = §’
0.325 - 0.400. Taking the smaller value of k in the calculatlon
we stretch the diffuser out somewhat and eliminate the danger of i

separation occurring; however, in this case preseparation flow j
1 1
1



"may not be realized. When selecting larger values of k', we can

mE e ——e

construct a more efficilent diffdser with preseparation flow;

. however, in this case the danger of the onset of strong separa-
" tion increases. The difficulty 'in.studying preseparation dif-
- fusers of circular cross section lies in the fact that the model
" geometry is not amenable to cor#ection in the course of the
experiment. This circumstance ﬁakes it difficult to correct i
errors in the calculation and}bﬁing the flow regime closer to
the preseparation regime. Thergfore, for a given initial flow
" nonuniformity, when profiling the model we first selected the ?
smaller of the k Vélues for which the theory agrees with the |
available experimental data. Then this model was modified so
that its contour corresponded to that calculated with larger k,
. which made it possible to estabTish the value of the empirical ‘
constant corresponding to maxim@l flow deceleration over a fixed
length.. V

1

When calculating channels with a thin boundary layer at the;
entrance, the theoretical values of the local expansion angles i
lw2=05 arctg (1= 'dF/dx) ]| are exceséively large («/2>10°. In such
cases, the area where the diffuéer joins the inlet duct is
smoothed somewhat (a/2<Y°) in order to reduce the negative influ-
ence of the corner point (whichjis not taken into account within
the framework of boundary layer theory). This corresponds to
reduction of the peaks in the local expansioﬁ angle distribution&
near the entrance section .and leads to deviation from the theore{
tical model geometry. Thereforé, in the present note we examine !

3

the experimental data on a diffuser with thick boundary layer atf

the entrance, Whose geometry corresponds rigorously to the theory
(angles a/2 do not exceed 9°). §

}
i
‘We constructed a diffuser of circular cross section with

'
e .

entrance radius re.o " 42.5 mm, calculated for a value of the !
1
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¥ 2
- parameter AO = 0.1 with k = 0.325. The theoretical initial

velocity profile nonuniformity was created by an inlet duct of

constant section whose length wﬁs determined from the data of

o cm

[9]. A reservoir was installed ‘ahead of the.inlet .duct.

—— R —— . _— —

pneumometric technique using the conventlonal method. The Ve1001ty

I
In the dlffuser testlng the measurements were made by the !,

corresponding to the calculated initial flow nonunlformlty was
refined in the course of the experiment and the constancy of this
velocity was monitored on the basis of the pressure drop in the
entrance reservoir. The static pressure was measured by means of
static pressure taps in the wall, with the axis of the ports belng
perpendicular to the inner surface of the channel. The velocity
profiles u = u(y/6) in the boundary layer were investigated at
several sections with the aid of a total pressure microprobe
mounted on a micropositioner, and these profiles were used as a
basis for determining the effective displacement and energy-loss
areas. The minimal micropositioner step was 0.02 mm. In the
measurement process the discharge equation was satisfied at the

various channel sections to within + 1%.

The measurement results and the calculated relations are ;
shown in Figure 1. 1In the figuﬁe the distribution of the velo- |
city ugy corresponding to ideal 'fluid channel flow (the ideal
case), the distribution of the velocity ug (computational case)
corresponding to viscous fluid flow with the given initial Velo—:
city profile nonuniformity, and .also the calculated values of |
A¥ and A¥¥¥ gre compared with the experimental data. Versions
a and b correspond to Rmﬁ=nmumv;4L§ﬂ and 1.1 - 102 with a turbu-
lent layer at the entrance. The curves show that the experimental
study confirmed the validity of the basic theoretical relations. !?
Small changes in Reg had practlcally no effect on the aerodynamlc¢
characteristics. The satlsfactory agreement of the- theoretical

A***

and experimental values for A¥ and makes it possible to
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Figure 1. Comparison of cal-
culated and experimental data
for diffuser of circular cross
section, profiled on the basis
of the conditions Ay=0.1: k=023
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Figure 2. Deformation of
velocity profiles in dif-
fuser (Ag=01; £=0325)

consider that the calculation yﬁelds values of the total pres-

sure loss coefficient g which are quite close to the experimenta

values [2].

{
1

0
The deformation of the velocity profiles in the boundary

layer is shown in Figure 2, where we see gradual transition of
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the flow regime'from separation=free at the entrance to the pre- .

separation type. The deviationjof the experimental points from
the calculated curves near the wall is apparently the result of
measurement errors owing, at least partly, to noncoincidence of

the geometric and effective cencers of the microtube inlet port.

Modification of the model from the condition k = 0.400 did

t

not improve the channel experiméntal characteristics (Figure 3)
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Figure 4. Deformation of
velocity proflles in dif-
fuser (35=0.1: k=0.100)]
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The flow in the modified diffuser was accompanied by sigﬁificant
pressure pulsations. As 1s shown in Figure 3, in this cése the
theory captures less well the VQlocity variation along the chan-
nel length: the experimental vejocity distribution curve 'E@(fﬂ
deviates markedly from the calcdlated curve &h(ﬂ‘ The approach
to separation was expressed in dlsruptlon of flow ax1symmetry in
the final sections of the diffuser. Therefore, the dlscharge
equation was violated when measuring the displacement area at
these sections élong a single rddius (version a){ For x =

x/rwO = 7.2 we measured the Velécity‘profiles along two mutually
perpendicular diameters (version b). In this case the constant
discharge condition is satisfied to within 1%. The velocity

profiles in the modified diffusér are shown in Figure 4.
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On the basis of the above discussion, we can consider that }
¢ :
the calculation of preseparation diffusers can be made using the |

formulas of [2], taking the val%e of the empirical constant
k = 0.325. e P . ;

t

8
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' ance in carrying out the presenﬁ study.

Nomenclature

|
II, F

i
I
s

X, y are longitudinal and ﬁransverse coordinates; T
are the channel radius, perimeter, and cross-section area; n is
the diffuser expansion ratio; d/2 is half the local expansion :
angle; o, 9 are the boundary layér thickness and area; g;_ﬁ"jn*ﬂ\éig

. : . . !
the displacement, momentum-loss; and energy-loss areas; Upg 1s '

‘the discharge-average velocity at the channel entrance; ugi, ‘
u§ , u§] are the dimensionless velocities at the channel center-
line (in ideal flow, calculated: and experimental); Re is the y
Reynolds number; g is the total?pressure loss coefficient; k is @
an empirical coefficient; Ty isithe wall friction stress. The

subscript 0 refers to the entrance section.
Summary

The results of an experimental study of pre-separation-
circular diffusers, whose geometric and aerodynamic characteris-
tics have been determined on the basis of the semi-empirical
. method of boundary layer calculétion are presented. The pre-

dicted and experimental results . are shown to be close enough. i
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